In the pathogenesis of pancreatitis, oxidative stress is involved in the activation of the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway and cytokine expression. High serum levels of cholecystokinin (CCK) have been reported in patients with acute pancreatitis, and treatment with cerulein, a CCK analogue, induces acute pancreatitis in a rodent model. Recent studies have shown that cerulein-activated nicotinamide adenine dinucleotide phosphate oxidase elicits reactive oxygen species, which trigger the phosphorylation of the JAK1, STAT1, and STAT3 proteins and induce the production of inflammatory cytokines, such as tumor necrosis factor-α, interleukin (IL)-1β, and IL-6, in pancreatic acinar cells. The JAK/STAT pathway also stimulates cell proliferation and malignant transformation and inhibits apoptosis in the pancreas. This review discusses the possible role of the JAK/STAT pathway in the pathogenesis of pancreatitis and pancreatic cancer in response to oxidative stress. (Gut Liver 2012;6:417-422) Key Words: JAK/STAT; Pancreatitis; Pancreatic cancer; Oxidative stress
INTRODUCTION
Pancreatic oxidative stress occurs during an early stage of pancreatitis. [1] [2] [3] Scavenger therapy for reactive oxygen species (ROS) showed some success in experimental pancreatitis models, including cerulein pancreatitis. 4, 5 In human acute pancreatitis, the increased levels of lipid peroxide in the bile or pancreatic tissue and subnormal levels of antioxidant vitamins in the blood were reported. 6 Cerulein is an analogue of cholecystokinin (CCK)
formation, and infiltration of inflammatory cells into the pancreas, 9, 10 which are observed in human pancreatitis. The mechanism of action of cerulein is suggested to involve production of large amounts of ROS, activation of oxidant-sensitive transcription factor nuclear factor-kB (NF-kB) and induction of cytokine expression in pancreas. 11, 12 Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase components have been detected in pancreatic acinar AR42J cells. 13 AR42J cells are derived from a transplantable tumor of a rat exocrine pancreas and are tumorigenic in nude mice and maintain many characteristics of normal pancreatic acinar cells. 14 Cerulein-induced NF-kB activation and interleukin (IL)-6 expression were inhibited by treatment with the antioxidant rebamipide, diphenylene iodonium (nonspecific inhibitor for NADPH oxidase), or by transfection with antisense oligodeoxynucleotides for NADPH oxidase subunits p22phox and p47phox in pancreatic acinar AR42J cells. Therefore, NADPH oxidase has been considered as a main source of ROS during development of pancreatitis induced by cerulein. Both NF-kB and Janus kinase/signal transducer and activator of transcription (JAK/STAT) are activated in response to ROS in pancreas. 11, 15 Although there are reports indicating the involvement of NF-kB in the pathogenesis of pancreatitis and pancreatic cancer, only limited data are available on the role of JAK/STAT in the pathogenesis of these diseases. It has been reported that inhibition of JAK1/STAT1 improves the severity of cerulein-stimulated pancreatic injury by inhibiting NFkB activation, indicating that activation of JAK1/STAT1 is an early event in pancreatic injury. 16 Since JAK/STAT mediates cell proliferation and malignant transformation 17 as well as inflammatory signaling 18, 19 in pancreas, we focus our discussion on the possible role of JAK/STAT in the pathogenesis of pancreatitis and pancreatic cancer in this review.
JAK/STAT IN PANCREAS
The JAK family kinases consist of four members JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2) in mammals, whereas there are seven STAT family members such as STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6. Cytokine receptors constitutively associate with JAKs, which allows activation of the signaling cascade. The binding of a cytokine to its receptor induces conformational changes of the receptor, which subsequently results in the activation of the associated JAKs. Activated JAKs lead to phosphorylation of one or more of seven STATs. Phosphorylation of STATs leads to their dimerization and translocation into the nucleus, in which they bind specific DNA sequences to activate gene transcription. STAT1, STAT2, STAT3, STAT5, and STAT6 are widely distributed in various tissues, whereas STAT4 is restricted mainly to thymus, spleen, testis, myeloid cells, and monocytes. 20 In pancreatic tissue and acinar cells, JAK1, JAK2, TYK2, STAT1, STAT2, STAT3, STAT5, and STAT6 are expressed. However, expression of STAT4 is detected in pancreatic tissue but not in isolated pancreatic acinar cells. 21 In pancreatic acinar AR42J cells, tumor necrosis factor-a (TNF-a) stimulates the activation of STAT1, STAT3, and STAT4 22 and STAT3 and suppressor of cytokine signaling 3 (SOCS3) which are all signaling pathways involved in tissue inflammation. 23 TNF-a and TNF-a receptors (TNFR1 and TNFR2) have been shown to be expressed in normal rat pancreatic acinar cells and cerulein upregulated the expression of TNF-a receptors 24 and activated JAK2/STAT3 and IL-1β in pancreatic acinar cells. 25 Together these studies suggest that STAT3 activation by cerulein is mediated by TNF-a signaling in pancreas (Fig. 1 ).
CCK AND JAK/STAT IN PANCREAS
Although various hormones such as growth hormone and prolactin have been reported to activate the JAK/STAT pathway, 26 there have been little studies on the involvement of JAK/STAT on CCK signaling. A CCK analogue cerulein triggers phosphorylation of JAK1, STAT1, and STAT3 proteins and induce inflammatory cytokines such as TNF-a, IL-1β, and IL-6 in pancreas. 27 CCK receptors are a group of G-protein coupled receptors (GPCRs) which bind two subtypes of CCK, CCK1, and CCK2. CCK2 receptor (CCK2R) upon binding of CCK activated the JAK2/STAT3 pathway in pancreatic acini in transgenic mice expressing CCK2R. 17 The mechanism of JAK2 activation involves Gq proteins and requires the NPXXY motif, located at the end of the seventh transmembrane domain of CCK2R. This motif, which is critical for Gq-dependent signaling pathways, is also required for STAT3 activation by CCK2R. Thus, JAK/STAT signaling is involved in the proliferative effect of CCK2R, which contributes to the increase in the growth of pancreas and pancreatic tumor development. 
OXIDATIVE STRESS AND JAK/STAT IN PANCREAS

JAK/STAT IN PANCREATITIS
We previously reported that activation of JAK2/STAT3 results in edematous and inflammatory changes in the pancreas and increased serum levels of IL-1β in rats with experimental pancreatitis. 19 The maximal lung injury after cerulein-induced acute pancreatitis occurs in STAT4-or STAT6-deficient mice. 32 In pancreatic acinar cells stimulated with TNF-a, the activation of JAK2/STAT3 mediated the development of pancreatic injury. 22 Inhibition of JAK/STAT as well as NF-kB improved the severity of pancreatitis. 27 Since ROS mediates induction of inflammatory cytokines and NADPH oxidase produces ROS in pancreas, inhibition of NADPH oxidase may be beneficial for the prevention and the treatment of pancreatitis by suppressing JAK2/STAT3 and mitogen activated protein kinases (MAPKs) and expression of TGF-β1 in pancreatic acinar cells. 25 Lipopolysaccaride (LPS), TNF-a, and cerulein are potent mediators of STAT3 and SOCS3 expression as well as the induction of IL-6 and IL-1β in pancreas. 23, 33 Targeting MAPKs, NF-kB, and STAT3 pathways by dexamethasone treatment downregulated the expression of chemokines during the course of acute pancreatitis, resulting in decreased severity of the disease in the rats with bile duct ligation. 34 Administration of cerulein and LPS induced an increase in serum amylase and IL-6 levels, severe acute pancreatitis, pancreatitis-associated lung injury, and phosphorylation of STAT3 in the pancreas. Blocking IL-6 suppresses STAT3 activation in the pancreas and consequently attenuated the severity of pancreatitis by promoting pancreatic acinar cell apoptosis. 35 Pancreatitis-associated ascitic fluid (PAAF) which is known to contribute to the progression of acute pancreatitis activated the expression of monocyte chemoattractant protein-1 (MCP-1) and induced the phosphorylation of p38-MAPK, degradation of IkBa, and increases in nuclear level of p65, and STAT3 activity in rat pancreatic acinar cells. 36 It was suggested from this study that acinar cells are activated by PAAF to produce MCP-1, mediated mainly by the activation of NF-kB and STAT3 pathways. In early acute pancreatitis in the rat, oxidant-mediated activation of MAPK, NF-kB, and STAT3 triggers the expression of chemokines in acini but not in non-acinar cells in the pancreas. 37 Cyclooxygenase-2 (COX-2)-derived bioactive lipids including prostaglandin E2 are potent inflammatory mediators that promote tumor growth and metastasis by stimulating cell proliferation, invasion and angiogenesis. 38 In COX-2 deficient mice, deletion of COX-2 gene prevented the histologic and inflammatory changes associated with pancreatitis compared with the wild-type littermates, indicating that COX-2 is an important regulator of the severity of acute pancreatitis. 38 In the rats treated with a JAK/STAT inhibitor, AG490, the expression of COX-2, IL-1β, and IL-6 induced by cerulein was inhibited by the suppression of STAT activation. 27 Therefore, STAT may play an important regulatory role in the expression of inflammatory cytokine IL-6 and COX-2 in cerulein-treated pancreatic acini.
CCK AND JAK/STAT IN PANCREATIC CANCER
JAK2/STAT3 pathway is activated by the CCK2R in pancreatic tumor cells and contributes to cell proliferation. 17 Targeted expression of CCK2R, a GPCR, in mouse pancreatic acinar tissue led to the activation of JAK2 and STAT3. 16 The activation of JAK2/STAT3 increased growth of the pancreas and resulted in the development of preneoplastic lesions, which is similar to those found in human pancreatic cancers. Deregulation of JAK2/STAT3 pathway by CCK2R represents an early step in pancreatic carcinogenesis, contributing to cell proliferation and pancreatic tumor development. 17 Recent studies indicate that STAT3 controls the development of the earliest premalignant pancreatic lesions, acinar-to-ductal metaplasia and pancreatic intraepithelial neoplasia (PanIN). 39 STAT3 directly regulates vascular endothelial growth factor expression and hence angiogenesis, growth, and metastasis of human pancreatic cancer FG and PANC-1 cells. 40 On malignant transformation, activated STAT3
promotes cellular proliferation by acceleration of G1/S-phase progression and thereby contributes to the malignant phenotype of human pancreatic cancer CAPAN-1 cells. 41 The deregulation of JAK2/STAT3 pathway by CCK2R represents an early step contributing to cell proliferation and pancreatic tumor development. 17 The transcription factor pancreatic and duodenal homeobox factor 1 (PDX-1) is expressed in pancreatic progenitor cells. In exocrine pancreas, PDX-1 is down-regulated during late development, while re-up-regulation of PDX-1 has been reported in pancreatic cancer and pancreatitis. The pancreas of PDX-1 expressing transgenic mouse was markedly small with the replacement of acinar cells by duct-like structures (acinar cell-ductal metaplasia), accompanied by activated STAT3. Genetic ablation of STAT3 in the transgenic pancreas profoundly suppressed the metaplastic phenotype. These results provide a mechanism of pancreatic metaplasia by which persistent PDX-1 expression induces acinar-to-ductal transition through STAT3 activation. 42 Inactivation of IL-6 transsignaling or STAT3 inhibits PanIN progression and reduces the development of pancreatic ductal adenocarcinoma (PDAC). Aberrant activation of STAT3 through homozygous deletion of SOCS3 in the pancreas accelerates PanIN progression and PDAC development. 43 Thus, inflammatory mediator STAT3 is a critical component of spontaneous and pancreatitis-accelerated PDAC precursor formation and contributes to cell proliferation, metaplasia-associated inflammation, and matrix metalloproteinase 7 (MMP7) expression during neoplastic development. It was also shown that STAT3 signaling enforces MMP7 expression in PDAC cells and that MMP7 deletion limits tumor size and metastasis in mice. These studies suggest that STAT3 and MMP7 are important mediators for PDAC initiation and progression. 44 In cultured human pancreatic cancer Su 86.86 cells, COX-2 was induced by treatment with tumor-promoting phorbol esters 45 and in COX-2-positive pancreatic cancer BxPC-3 cells, COX-2 inhibitor reduced angiogenesis and growth. 46 Recently, a novel pathway in which COX-2 activates STAT3 by inducing IL-6 expression has been suggested in non-small cell lung cancer cells. 47 Together, these studies provide a rationale for the development of STAT3, IL-6, COX-2, and MMP7 targeted therapy for the treatment of pancreatic cancer.
CONCLUSIONS
ROS are critical mediator in inflammatory process in initiation and development of pancreatitis. In addition to NF-kB, ROS activates JAK/STAT pathway, which regulates inflammatory gene expression, cell proliferation, and transformation in pancreas. Thus, the activation of NF-kB and JAK/STAT seems to be the molecular mechanisms underlying the pathogenesis of pancreatitis and pancreatic cancer. Inhibition of either JAK/ STAT or NF-kB may alleviate inflammation and carcinogenesis of pancreatic tissues. Therefore, JAK/STAT may serve as the potential therapeutic targets in the development of new drugs in the treatment of pancreatitis and/or pancreatic cancer.
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